The genome sequence of Mycobacterium tuberculosis H37Rv was found to contain 56 loci with homology to insertion sequences (1%). As well as the previously described IS67 70, IS7087, I S 7 5 4 7 and IS-like elements, new 1Ss belonging to the 153, IS, Is27D IS30# IS770, I S 2 5 6 and ISL3 families were identified. In addition, six ISs created a grouping of their own to form a new family (the 157535 family). Elements with similarity to 1Ss in other actinomycetes were identified, suggesting the movement of ISs between related genera. The location of ISs on the chromosome revealed that an approximately 600 kb region close to the origin of replication lacks ISs, pointing to the possible detrimental effect of insertions in this area. Analysis of the distribution of ISs through the tubercle strains Mycobacterium africanum, M. microti, M. bovis, M. bovis BCG Pasteur, M. tuberculosis H37Ra, M. tuberculosis CSU#93 and 29 clinical isolates revealed that only 157532, 151533,157534, and 157567' were absent from some of the strains tested. A novel repeated sequence, the REP13E12 family, is described that is present in seven copies on the M. tuberculosis H37Rv chromosome and which contains a probable phage attachment site. This study therefore offers an insight into the possible role of ISs and repetitive elements in the evolution of the M. tuberculosis genome, as well as identifying genetic markers that may be useful for phylogenetic and epidemiological analysis of the tubercle complex.
INTRODUCTION
Insertion sequence (IS) elements are small (<2-5 kb) segments of DNA that can insert at multiple sites in a target molecule (Mahillon & Chandler, 1998) . The transposition reaction is catalysed by the IS-encoded transposase enzyme, with homology between transposases, organization of the ORFs, and fate of the target sites allowing elements to be placed in different families. These families are generally named after their prototypical IS element, such as the IS3 family or the IS256 family.
Before the completion of the genome sequence of Abbreviations: IR, inverted repeat; IS, insertion sequence; DR, direct repeat.
The GenBank accession numbers for the sequences reported in this paper are given in Tables 3 and 5 .
Mycobacterium tuberculosis H37Rv, four IS elements had been described in the M . tuberculosis genome, namely IS6110 (Thierry et al., 1990) , IS1081 (Collins & Stephens, 1991) , IS1547 (Fang et al., 1998) and the IS-like element (Mariani et al., 1993) . These elements are present in multiple copies on the genome of M. tuberculosis H37Rv, with 16 copies of IS6110, 6 copies of IS1081, and 2 copies each of IS1547 and the IS-like element . The ISB9 element described by Musa and colleagues as an M. tuberculosis IS (EMBL accession number MTU78639) contains multiple frameshift mutations in comparison with the M . tuberculsis H37Rv sequence and so does not resemble an IS element.
The variable copy number of IS61 10 between different strains of the tubercle bacillus has led to its extensive use as a genetic marker to investigate the epidemiology of tuberculosis (Poulet & Cole, 1995; Yang et al., 1998; Small et al., 1994) . However, despite the undoubted ~~ S . V. G O R D O N a n d OTHERS value of IS6120 RFLP typing, questions persist concerning the rate of change of IS profiles and the discriminating power of these techniques (Yeh et al., 1998; McHugh et al., 1997; Helleyer et al., 1996) . The identification of new genetic markers in the genome sequence, in particular new IS elements that may be absent in some strains or show differences in copy number between strains, would provide additional loci with which to tackle these questions.
The presence of closely related IS elements in different species or genera may reveal that the organisms have occupied the same niche at some stage and have exchanged DNA. This has important implications for pathogenic bacteria, as IS elements may allow horizontal transfer of virulence or drug-resistance genes. In fact, the transfer of IS elements from disparate species into the mycobacteria has already been observed, with IS6100 being present in Mycobacterium fortuitum, Arthrobacter sp. and Pseudomonas aeruginosa (Kato et al., 1994) . Analysis of IS-containing loci in M. tuberculosis may reveal regions that have been introduced by the incoming element, resulting in horizontal transfer of genes. As the work of Musser and colleagues (Sreevatsan et al., 1997) suggests that the tubercle complex ( M . tuberculosis, M . africanum, M . bovis, M . microti) is a highly homogeneous group, it is possible that movement of IS elements provides the driving force behind genomic plasticity and variation within the complex.
The preferential integration of IS elements into insertional ' hot-spots' on the M . tuberculosis genome has been reported for IS6110 (Hermans et al., 1991; Fang & Forbes, 1997; McHugh & Gillespie, 1998) . Such hotspots may prevent indiscriminate gene disruption by IS elements, as has been suggested for Rhizobium (Perret et al., 1997) . Conversely, areas of the genome lacking IS elements may identify regions that cannot support integration of foreign DNA. Analysis of the distribution of IS elements in the M. tuberculosis genome may therefore reveal important features of genome architecture. Additionally, identification of integration hotspots may have important implications for transposon mutagenesis experiments as they could complicate the generation of representative mutant libraries. To answer the questions raised above we undertook an examination of the new IS elements in the genome of the tubercle complex reference strains and clinical isolates of M . tuberculosis.
METHODS
Bacterial strains. These are listed in Table 1 . Non-epidemic clinical isolates of M. tuberculosis were collected at Hapita1 Ambroise Pare, 9 avenue Charles-de-Gaulle, 92014 Boulogne Cedex, France, over a 6 month period. Strains were maintained on Lowenstein-Jensen slopes (Difco) at 37 "C, and if required grown in liquid Middlebrook 7H9 medium with ADC enrichment (Difco) at 37 "C with mild agitation (100 r.p.m.), PCR amplifications. Primers for PCR reactions were designed such that one of the primers was present in the DNA flanking the element, while the other primer was contained in the element itself. This permitted a 'location-specific' PCR to determine if the element was present in the same location in diverse strains, Sequences of the primers used are presented in Table 2 . Strains that gave a negative result on the first screen were rechecked at least two more times. Strains that gave consistently negative results were checked with primers internal to the IS to verify that the IS was truly absent and that the result was not due to a mismatch of the primers or to the presence of the IS at a different chromosomal location. These internal primers are listed in Table 2 with the suffix '-int'.
Template DNA from clinical isolates was prepared by scraping colonies from the surface of Lowenstein-Jensen slopes, then fracturing the cells by subjecting them to five cycles of 1 min at 100 "C followed by 1 min in liquid nitrogen. Reactions were carried out in a total volume of 50 pl containing 5 pl PCR buffer (100 mM /?-mercaptoethanol, 600 mM Tris/HCl, pH 8*8), 20 mM MgCl,, 170 mM (NH,),SO,, 5 pl20 mM nucleotide mix, 5 pl of each primer at a concentration of 2 pM, 5 pl of template DNA (20-50 ng), 5 pl DMSO, 0.5 units Taq polymerase (Boehringer Mannheim) and sterile distilled water to 50 pl. Thermal cycling was performed on a PTC-100 amplifier (MJ Research) with an initial denaturation step of 90 s at 95 "C, followed by 35 cycles of 30 s at 95 "C, 1 min at 55 "C, and 2 min at 72 "C. Computer analysis. ORFs that showed similarity to transposase enzymes, but that were not identical to the previously described IS61 10, IS1081 or IS1547 elements, were searched for inverted repeats (IRs) and direct repeats of the target sequence (DRs). Searching for IRs was performed using a combination of approaches: (i) by using the 'search for longrange inverted repeats ' option of the Staden nucleotide interpretation program (NIP, version 7.3 ; Staden 1996) ; (ii) by using BESTFIT (Genetics Computer Group) to align one strand of the element with its reverse sequence, permitting local homology between the ends to be determined ; (iii) where more than one copy of the IS existed the copies were aligned using GAP (Genetics Computer Group) 
RESULTS A N D DISCUSSION
The criteria used to identify a sequence as being an IS element were the similarity ( > 2 5 % identity) of the putative ORF product to transposase enzymes and the presence of IRs and DRs flanking the ORF. Analysis of the genome revealed 30 loci that fulfilled these criteria and that appeared to code for previously uncharacterized IS elements (Table 3) . These new IS elements included members of the IS3, IS5, IS22, IS30, IS220, IS256 and ISL3 families. Six elements that showed high similarity to each other, but to no other ISs, were classified into a new family, the IS2535 family. Ten defective ISs that appear to be vestiges of once functional elements were marked with a prime (') and classed with the family that their transposase most resembled. The salient features of the new IS elements are dealt with below on a family-by-family basis.
IS3 family
The IS3 family forms the largest group of IS elements so far characterized in prokaryotes (Ohtsubo & Sekine, 1996 ; Mahillon & Chandler, 1998) . The family is defined as containing two ORFs flanked by variable tandem repeats, although some variants, such as IS2076 and IS2141, have been described that contain a single ORF encoding the transposase (Mahillon & Chandler, 1998) . This ORF arrangement was present in IS2540 and IS2604 (Table 3 ). The transposase of IS2540 shared high similarity with the IS242 2 element of Mycobacterium intrucellulare (GenBank accession no. L10239), which may point to the movement of IS elements between these strains. The transposase of IS2 604 showed low similarity to the transposases of Tn552 and IS3 family members, so its grouping with the IS3 family is tentative. No appropriate IRs or DRs could be found for IS2540 or IS2604.
IS5 family
The IS5 family was represented in the genome by two distinct elements, IS2560 and the IS-like element described by Mariani et al. (1993) . IS2560 was present in two copies on the chromosome, with one copy appearing defective. The intact copy contained two minimally overlapping ORFs encoding proteins of 234 aa and 225 aa respectively. The overlap between the ORFs suggested that a ' ribosome slippage' mechanism may function to generate the mature transposase. Ribosome slippage sites are found in many overlapping ORFs encoding transposases, with the mechanism consisting of a -1 backward slippage of the translating ribosome at a heptanucleotide sequence (Chandler & Fayet, 1993) . However, no appropriate slippage site could be found in the IS2 560 sequence, suggesting that this mechanism may not function in the generation of the mature IS1560 transposase. The defective IS2 560' was almost identical to the other copy at the left-hand end, but this similarity broke down after -500 bp.
Analysis of the sequence of the IS-like element (Mariani et al., 1993) for the presence of a ribosome slippage allowed us to identify a possible error in the published sequence, where there was a base missing between positions 410-411. This introduced a -1 frameshift into the ORF, making it appear that the IS element carried a single ORF. In fact, the IS element carries two overlapping ORFs, with a putative slippage site (ACA GGG GGC) between positions 432-437. This site may allow a -1 frameshift that would generate a single protein from the two ORFs.
IS21 family
Three IS sequences, IS2.532, IS2533 and IS2534, were found that showed similarity to members of the IS22 family. Members of this family are generally large, in the range of 2-2.5 kb, and contain two ORFs flanked by related IRs of 11-50 bp (Mahillon & Chandler, 1998) . The IRs at the ends of IS2532, IS2533 and IS2534 were found to contain duplicated internal sequences (Table  4) , a feature found in many members of the IS22 family which is thought to play some role in the binding of the transposase to the ends of the element (Mahillon & Chandler, 1998) .
IS30 family
IS2603 contained a single ORF encoding a protein of 334 aa that showed similarity with members of the IS30 family. However, the element possessed 63 bp IRs, unusually long for members of this family (Mahillon & Chandler, 1998; Olaz et al., 1998) . Close inspection of the IRs revealed that they contained a 32 bp segment with 100% identity to the IRs of IS2534 (Table 4 ). The significance of this observation is not known, but it may point to recombination between the elements.
IS1 10 family
IS1558 is present as an intact and a defective copy on the chromosome, with the intact copy encoding a protein of 333 aa flanked by 13 bp IRs. While the defective IS2558' had identical ends to the intact copy, the identity Another element with homology to the IS1 10 family was IS1607. This IS contained two overlapping ORFs that encoded proteins of 233 aa and 222 aa respectively. While the upstream ORF of IS1607 showed similarity to the N-terminal region of the transposases encoded by IS110, IS900, IS902 and the IS117 mini-circle element from Streptomyces coelicolor, the downstream ORF is similar to the C-terminal end of the above proteins. Although this would suggest that a form of translational frameshifting may function to make the mature transposase, no clear frameshifting site was found.
Two copies of a 1013 bp element, designated IS1608', that encoded a protein of 163 aa were located on the genome. The fact that only 489 bp of the element appeared to be coding suggested that the element may be defective, hence the prime suffix. IS1608' showed low similarity to IS1 16 from Streptomyces clavuligerus, and no IRs or DRs could be detected.
IS256-like family
IS1552, IS1553 and IS1554 showed marked similarity to members of the IS256 family. The transposase from IS1554 contained the ' mutator family' transposase signature as defined in the PROSITE database of protein sites and patterns (Bairoch et al., 1997) . This conserved domain is present in many members of the IS256 family, although its function is not clear.
A striking example of the possible exchange of IS elements between genera was illustrated by IS1.552. The transposase of this element, as well as being similar to IS256 elements, shared 80 % identity (91 % similarity) over a 278 aa overlap with a transposase encoded on the pHG201 plasmid of Rhodococcus opacus (Grzeszik et al., 1997; Fig. 1) . Members of the genus Rhodococcus, like the mycobacteria, are members of the nocardioform taxonomic grouping, and contain mycolic acids, have a genomic G + C content of 63-73 mol% and form substrate mycelia. Horizontal transfer of ISs between the mycobacteria and Rhodococcus has also been suggested by Picardeau et al. (1997) , underlining the possible ability of these bacteria to swap genetic in for ma tion.
ISL3 family
The IS1557 element was present as two complete copies and with a third truncated by approximately 1 kb. The complete copies contained a single long O R F that coded for a transposase with high similarity (67.9 % identity in 168 aa overlap) to a transposase enzyme from the dibenzofuran-degrading bacterium Terrabacter (GenBank accession DBU57649), and with ISAEl from
Alcaligenes eutrophus (30.9 YO identity in 369 aa). The
IRs of the two intact copies showed some variations (Table 4) , perhaps reflecting errors introduced during transposition. The defective IS1561' showed homology to the ISL3 family, with the ORF products displaying similarity to IS204 from Norcardia asteroides.
family
Six IS elements, IS1535 to IS1539 and IS1602, failed to show any significant similarity with IS elements from the main groupings. However, their putative transposases showed from 40.6 to 86.1°/0 identity with each other, and they were therefore placed in a new grouping, the IS1535 family. These IS elements contained two overlapping ORFs where the stop codon from the upstream ORF overlapped the start codon of the downstream 
151555'
IS1 561' ORF (TGATG). The upstream ORF product of IS1536, IS1537 and IS1538 had a site-specific resolvase motif as defined by the PROSITE database (Bairoch et al., 1997) , indicating that the protein may have resolvase activity. The downstream ORF coded for a protein with weak homology to bacterial transposases, with the highest score generally being in the range of 31-38% identity over an 80 aa overlap with the IS1136 element from Saccharopolyspora erythraea (Donadio & Staver, 1993) .
Although the transposase of IS1536 was truncated by -200 aa, its left-hand end was intact, suggesting that the element may have been truncated during transposition.
This is similar to class I1 transposons such as Tn3, where the transposon carries genes for resolvase and transposase activity (Hatfull & Grindley, 1988) . In such transposons, the initial cointegrate formation is catalysed by the transposase enzyme, with resolution of the cointegrate performed by the resolvase. It is possible that a similar mechanism functions during transposition of the IS1535 family. Furthermore, the very basic isoelectric points of the putative transposases, from 11.23 to 11.78, would give the proteins a strong net positive charge, facilitating binding of the enzyme to the target DNA, Although the ends of the IS1535 element contain perfect internal 17 bp IRs (Table 4) , no similar IRs could be found for the other members.
IS elements of unknown family
The element IS1556 was unusual, containing three overlapping ORFs that coded for proteins of 101, 217, and 121 aa respectively and that displayed low homology with transposases belonging to the IS3 family, in particular IS61 10. The ORFs were frameshifted with respect to one another, with the downstream ORFs lacking an initiation codon. Although this suggested that a frameshifting mechanism may be involved in the production of the mature transposase, no sites for ribosome slippage could be found. The ORF structure of IS2556 was similar to that seen with the defective IS1560', suggesting that it is non-functional.
Novel repeated sequence: the 'REP13E12' family
In M. tuberculosis H37Rv the biotin operon is interrupted by the phiRvl prophage  R . opacus which was designated the REP13E12 family. The biotin operon had therefore been initially interrupted by the insertion of a REP13E12 element, which itself was then disrupted by the insertion of the phage.
The REP13E12 elements ranged in size from 1352 to 1436 bp and were present in seven copies throughout the genome (Table 5) . Two elements, REP13E12 and REP.336, contained a putative translational frameshifting site, CCCCCCA, situated at the overlap of their two ORFs. The REP251 upstream ORF appeared truncated relative to the REP336 and REP13E12 elements due to a nonsense mutation. The elements did not show similarity to other sequences in the protein and nucleic acid databases. However, REP13E12 was identical to the 453 bp repeated sequence described by Lee et al.
( 1 997) and present in three or four copies in various strains (Lee et al., 1997) . This 453 bp repeat corresponded to an internal segment of the REP13E12 repeat and the difference in copy number observed experimentally by Lee et al. for H37Rv (three) and in the genome sequence (seven) is probably due to sequence variation, with four copies not detected under the stringent hybridization conditions used. ..................................................................................................................................................... Alignment of the DNA sequences of the REP13E12 family revealed that they were very similar to each other, in particular REP165 with REP09F9 and REP336 with REP251 (Fig. 3) . As REP336 serves as an attachment site for phiRvl it is possible that the prophage will be found in other members of the REP13E12 family in different strains of the tubercle bacillus. Data presented by Lee et al. (1997) suggest that this may be the case in the Erdman strain as it presents a different hybridization pattern from H37Rv when probed with the repeated sequence.
Distribution of IS elements in the H37Rv genome
From the physical and genetic map of M. tuberculosis H37Rv it was apparent that the distribution of IS6110 was not random throughout the genome, but that the copies were clustered (Philipp et al., 1996) . This is similar to the situation described by Boyd & Hart1 (1997) for the distribution of IS1 on the chromosome of natural isolates of Escherichia coli, where one section of the chromosome lacks IS1 in 11 strains. The position of each of the new IS and REP13E12 elements on the genome is shown in Fig. 4(a) Cases where an ORF has been disrupted by the insertion of an IS element were apparently uncommon in the genome. plcD (Rvl755c), a phospholipase C homologue, and the adjacent Rv1758, a possible cutinase, were truncated by an IS6110 insertion, while IS6110 had also interrupted Rv2353c, a PPE protein (Philipp et al., 1996; Brosch et al., 1998) , revealed a second copy of IS6110 at the plcD locus relative to the same position in the BAC or whole-genome-shotgun library (Fig. 5 ). This suggests that the locus may be preferentially targeted by IS62 10, presumably as insertions into the already inactive plcD have no effect on the bacillus.
To determine whether the substantial repertoire and distribution of IS and repetitive elements in M. (Fig. 6 ). The only other elements that were absent from some of the strains tested were IS1533 (absent from one of the clinical isolates tested), IS1534 (absent from three clinical isolates), and IS1.562' (not found in M. microti OV254).
These results are somewhat surprising, in that loci containing IS elements would be expected to show greater strain-to-strain differences (Arber, 1993) . Indeed, IS variation is the basis for IS6110 typing of tubercle clinical isolates (Yeh et al., 1998; Blazquez et al., 1997) , showing that M. tuberculosis can support the movement of IS elements through its genome. It may be significant that the three elements absent in some clinical isolates all belonged to the IS21 family, indicating that these elements may be the most active in the tubercle complex after IS6110. The absence of IS1561' from M. microti OV254 suggests that this locus may be useful for the differentiation of M. microti from the other members of the tubercle complex, although a greater number of strains will have to be tested to see if this holds true.
Conclusions
The new IS elements described here provide insights into the biology of the tubercle bacilli on a number of levels. Their spatial distribution on the chromosome identifies regions that can support the insertion of foreign DNA without disrupting the activity of vital genes, while regions lacking IS elements probably contain loci that must remain intact for the correct functioning of the organism. It will be interesting to compare the distribution of IS elements in more clinical isolates to see if some areas of the chromosome consistently lack these elements, hence allowing the identification of loci that may be critical for virulence. Horizontal transfer of elements into the tubercle complex is also evident,
showing that M. tuberculosis can exchange genetic information with other bacteria. However, it is not apparent if IS movement introduced novel genes into the bacillus.
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